Abstract-This paper presents a software defined radio six-port receiver for a novel broadband mobile communications system. The prototype covers the frequency range from 0.3 GHz to 6 GHz, and operates with up to 100 MHz-wide channels. The multi-band and multi-mode demodulation capabilities of the six-port architecture have been experimentally demonstrated. The six-port receiver has been satisfactorily proved for high data rates (up to 93.75 Mb/s, limited by the available test instruments). An efficient six-port autocalibration method suitable for large instantaneous bandwidth systems is presented and validated.
INTRODUCTION
The Software Defined Radio (SDR) is thought to play an important role in future communication systems, due to its reconfiguration and multi-mode operation capabilities. These features enable to change the system functionality without any change in the hardware. The original idea of a SDR hardware implementation consisted of placing the ADC (Analog to Digital Converter) just at the output of the antenna [1] . However, this implementation is currently impossible, due to the ADC limitations. In practice, the SDR hardware is composed of a reconfigurable baseband digital signal stage and a broadband radio frequency (RF) front-end. But the design of a generalpurpose broadband RF front-end, with multi-mode and reconfiguration features, is not a simple matter.
In the search of a universal and flexible radio platform, capable of operating with multiple standards in multiple bands, several RF architectures have been studied [2] [3] [4] . Two of the best candidates to implement a SDR are the direct frequency conversion architecture, also named zero-IF, and the low-IF architecture. These structures have many advantages suitable for SDR, such as flexibility, reconfigurability, low-cost, and high level of integration, but their main problems derive from the I-Q mod/demodulator devices. The trend towards high data rates services will require larger bandwidths, which become possible at high frequencies. I-Q mod/demodulators cannot operate in very large frequency ranges, so the use of zero-IF and low-IF architectures is limited by these devices. Six-port network is an interesting direct conversion architecture that is nowadays emerging as a promising alternative [4] [5] [6] [7] , as it does not use I-Q mixers for the frequency conversion. The main characteristic of the six-port architecture is its extremely large bandwidth, which involves multi-band and multi-mode capabilities. Six-port networks can operate at very high frequencies, being a serious alternative for millimetre-wave frequencies and large relative-bandwidth applications [7] [8] [9] . But since the six-port receiver is said to be a good solution for the multi-band demodulation of high-speed signals, not many experimental demodulation results have been published up to now. This paper demonstrates empirically and quantitatively the wideband behaviour of the six-port architecture, and the capability of performing high data rates. A new real-time sixport auto-calibration method for high data rates applications is also presented and experimentally validated.
FUNDAMENTALS OF THE SIX-PORT RECEIVER
The origin of the six-port network dates from the seventies, when it was introduced as an alternative network analyzer [10] . The principle of operation of the six-port receiver is based on the measurement of four independent powers, when the local oscillator (LO) and RF signals are introduced into the remaining two ports [11] . A six-port receiver consists of a linear and passive six-port network and four power detectors, as it is shown in Figure 1 .
Original I-Q components are regenerated from the four power observations and some constant parameters depending on system response, known as calibration constants. General demodulation equations in six-port receivers are expressed as follows:
where h i and n i are the calibration constants. A calibration process is required to calculate them. Physical calibration methods use external physical standards terminals to calibrate the system. Nevertheless, this procedure is impractical for a six-port receiver. Real-time calibration methods are more suitable, as they can be performed while the system is operating. In Section 4 we present a real-time auto-calibration method, specially suited for broadband and high data rate applications.
DESCRIPTION OF THE SIX-PORT RECEIVER
The objective is to develop a reconfigurable radio front-end for broadband mobile applications. Nowadays, the aim of a SDR for mobile applications can be reduced to receive every standard up to 6 GHz, as all cellular and WLAN communications are located in that frequency range. Consequently, we have implemented a 698-5850 MHz (three-octave) six-port receiver prototype. The system can operate with broadband signals, up to 100 MHz-wide signals, and different modulation schemes. The six-port network topology is represented in Figure 2 . This is a typical six-port configuration, composed of three 90-degrees hybrid couplers and a Wilkinson power divider. Output six-port signals are combinations of the input RF and LO signals with different relative phase shifts of 0, π/2, −π/2, and π rad.
The design of the 90-degrees hybrid couplers is the most difficult part, as a three-octave tight coupler is required. Branch-line and raterace couplers are suitable for obtaining tight coupling values, such as 3 dB. However, these couplers are inherently narrowband circuits (< 20% bandwidth). The use of 3 dB Lange couplers enhances the bandwidth, but only up to one octave. A tight coupler can also be obtained by connecting two couplers in tandem. A three-octave 3 dB coupler can be obtained from the tandem connection of two 8.34 dB multisection couplers. However, such large bandwidth will require a high coupling level of the central section, and edge-coupled structures do not provide coupling levels higher than 8 dB. Broadside-coupled lines are more suitable, as they achieve coupling levels up to 2 or 3 dB. Consequently, we have implemented a seven section 3 dB tandem coupler with broadside-coupled striplines. Its maximum phase and amplitude imbalances are 4 • and 1.2 dB over the entire frequency range. The power divider used is LYNX 111.A0214, whose characteristics are: 0.5-6 GHz frequency range, 0.8 dB insertion loss, 18 dB isolation, ±0.2 dB amplitude imbalance and ±3 • phase imbalance. The detailed description of the six-port network design is described in [12] . The design criterion of a six-port junction consists of achieving a good distribution of the q i -points [10] . In general, the closer the magnitudes of q i , and the larger the differences between the arguments of q i , the better will be the performance of the circuit. Nevertheless, the six-port network can provide good results even when the ratios of the magnitudes of q i are greater than 4, and the phase differences between q i are smaller than 25 • [13] . When RF and LO input ports are completely isolated, the equivalent q i -points of the six-port network can be expressed in terms of scattering parameters as:
Ideally, in our six-port network topology ( Figure 2 ) the magnitudes of q i -points are equal to 1, and the arguments differ 90 degrees. The measured q i -points of the developed six-port network satisfactorily fulfill these requirements, as it can be seen in Figure 3 . The magnitudes of q i are in the range of 0.7 to 1.5 from 500 MHz to 6 GHz, and the maximum error in the relative phase differences is 10 • over the theoretical 90 • . Therefore, according to [13] , the operating frequency range of the six-port network could be enlarged, as it will be demonstrated in Section 5.2.
The six-port network prototype can be seen in Figure 4 . The three 3 dB couplers have been assembled over a metallic structure. They are interconnected by external coaxial cables, which must have the same length in order to preserve the six-port phase behaviour. The power divider, although it does not appear in the photograph, is connected to the couplers by two coaxial cables, which must be identical in length. However, the two cables connecting the power divider to the couplers do not have to be identical in length to the cables interconnecting the couplers, since what it has to be maintained is the four relative phase shifts of 0, π/2, −π/2, and π rad.
The overall receiver includes a power detector, a low-pass filter and a video amplifier at each six-port network output, implemented We use a bias current in order to extend the square law behaviour, although it involves a trade off between sensitivity and square law dynamic range. A shunt 50 Ω resistor gives broadband input match, but at the expense of detection sensitivity. MiniCircuits RLP-50+ and MAR-8A+ components are used for the low-pass filters and video amplifiers, respectively. The low noise amplifier (LNA) and the automatic gain control (AGC) stage have not been included in the prototype, although these components would be necessary in a SDR front-end. Another important issue in a SDR implementation is the RF filtering to eliminate the out-of-band interference signals. But multi-band or tuneable RF filters are difficult to design over large frequency ranges. Conventional multi-band filtering techniques have consisted of filter banks, with the disadvantage of the circuit size. More advanced techniques are based on single circuits performing the multi-band filtering. Some solutions of dual-, triple-or quad-band have been proposed [14] [15] [16] , and currently the efforts are focused on the design of multi-band filters with an arbitrary number of pass-bands. Microelectromechanical systems (MEMS) devices have displayed remarkable characteristics as variable devices and have been applied as tuneable or reconfigurable multi-band RF circuits [17] .
Anyway, the multi-band frequency-selective filtering is a wide research area and it would deserve a separate investigation, which is far from the objective of this work. This well-known six-port topology also allows of analog I-Q regeneration, although with some limitations [11] . On one hand, a perfect cancellation of the rectified wave component is required. On the other hand, the quality of the demodulated signal strongly depends on circuit imbalances. In practice, a broadband device without impairments is not realizable. Consequently, we will sample the four baseband output signals to take advantage of the digital domain. Digital I-Q regeneration makes it possible to compensate circuit imbalances by means of real-time calibration algorithms. This option has certainly more sense in a SDR scenario.
Currently, a new version of the six-port network based on LTCC (Low Temperature Co-fired Ceramic) technology is under development. Higher level of integration and better results could be obtained with LTCC technology, as the components can be internally interconnected, in addition to more compact size.
CHANNELIZED AUTO-CALIBRATION METHOD
The proposed method is based on the use of a known training sequence at the beginning of each burst to auto-calibrate the system, as described in [18] . Considering a training sequence of M symbols at the RF input port, Equations (1) and (2) can be written as:   I (1) . . .
whereP i (t) are the output powers whose average values has been subtracted to eliminate the DC-offset distortion. The calibration constants are determined using a deterministic least mean square (LMS) algorithm as follows:
. . .
I-Q components of the data sequence, received after the training sequence, are recovered applying the calculated eight calibration constants in (1)- (2). However, eight constant values may not be enough to characterize the system, especially for wide-band applications.
Radio frequency architectures for SDR require broadband capabilities to operate in multiple bands with multiple standards, and broadband designs do not present a constant or flat response over their large bandwidth. Reflections provoked by mismatches between the components can produce a ripple over the response, which, in the case of the six-port receiver, could be also caused by the variations of the diode coefficients. Future high data rates communication systems will operate with broadband signals, and the I-Q components recovery from eight constant values could not be accurate enough.
To solve this problem we propose an auto-calibration method based on digital channelization. The method consists of separating the signal in sub-bands in the digital domain, and calculating the calibration constants at each band separately and simultaneously. Although the concept of digital channelization seems simple, in a communication system it must be done in real-time, so a computationally efficient filtering is needed. We have selected a particular family of FIR (Finite Impulse Response) type filters for this purpose. The number of filters of the family, N , coincides with the order of each filter. The coefficients, b k , of each filter, i, are:
with k = 0, . . . , N and i = 1, . . . , N . Note that the coefficients of the first filter, b 1 k , are all one (corrected by a 1/N factor to normalize the filter gain), and the coefficients of the other filters are equal to b 1 k but with phase shifts that are integer multiples of 2π/N radians. This means that the first filter is an N th-order low-pass filter, and the other filters are equal to the first one but shifted an integer multiple of 2π/N rad/sample. Each filter has a null response at the central pulsation of the other filters. Therefore, the spectrum is divided into N sub-bands using a small number of coefficients, so the required operations can be performed by the hardware in a real time processing. Let us consider the family of four filters, whose frequency response is shown in Figure 5 . The coefficients of the four filters are:
In this case, central digital pulsations are 0, ±π/2 and ±π rad/sample; and the coefficients are equal to b 1 k but shifted ±π/2 and ±π rad. This characteristic is especially interesting, as it means that multiplications are not necessary. The required operations reduce just to sums and subtractions, speeding up the signal processing. Indeed, a ±π rad phase shift means just to subtract the sample, and a ±π/2 rad phase shift means to exchange the real part for the imaginary part and to sum/subtract.
It can be demonstrated that the sum of every filter response forms an all pass filter. Then, the I-Q components of every sub-band can be added up to obtain the overall I-Q components of the original signal. Therefore, signals coming from the four six-port receiver outputs are filtered, and the calibration constants of every sub-band are simultaneously calculated from (6)-(7). I-Q components at each subband are obtained applying the corresponding calibration constants into (1)- (2) . Finally, adding the I-Q components of every sub-band, the I-Q components of the original signal are obtained. Figure 6 represents the scheme of the channelized auto-calibration method for N = 4. The proposed method can be also combined with adjacent channel rejection techniques, as that described in [18] . Figure 6 . Scheme of the channelized auto-calibration method.
MEASUREMENT RESULTS
This section presents the validation of the developed six-port receiver, and the proposed channelized auto-calibration method. The quality of the demodulated signal will be measured in terms of the Error Vector Magnitude (EVM), which is a common figure of merit in digital communications [19] . It is defined as the root-mean-square value of the difference between the measured and ideal symbols, that is:
where X r,n is the normalized received nth symbol, X i,n is the ideal normalized constellation point of the nth symbol, and N is the number of symbols over which the EVM is calculated. The test bench is shown in Figure 7 . The Agilent E4438C ESG Vector Signal Generator (VSG) generates the RF modulated signal. The LO is the Agilent synthesized sweeper 83752A. Both generators are phase locked. The output signals of the six-port receiver are acquired by a four-channel oscilloscope (Agilent Infiniium), with an over-sampling ratio OSR = 8. The auto-calibration and I-Q regeneration software, implemented in Matlab, is applied in a personal computer, and the EVM is calculated using (13) . The software does not include any diode linearization technique. 
Validation of the Channelized Auto-calibration Method
In order to validate the described method, we use a 2.45 GHz RF signal with a filtered 64-QAM modulation (α = 0.3 roll-off square-root-raised cosine filter). The six-port receiver demonstrator can operate with up to 100 MHz-wide signals, so it is expected to perform symbol rates of about 100 Msymbols/s. However, the Agilent E4438C VSG limits the symbol rate to 12.5 Msymbols/s (75 Mbps) for OSR = 8. The LO power is P LO = 0 dBm, and the RF power (P in ) varies from −45 to −5 dBm. After the acquisition of 9200 symbols (73600 samples, OSR = 8), we process the data as bursts of length 200 symbols. We use the first 50 symbols to auto-calibrate the system at each burst, and then we demodulate the data sequence of length 150 symbols.
It is advisable to use families with few filters, as it entails few coefficients and thus filtering operations can be real-time performed by the hardware. A lower number of filters can be used by means of previous downsampling. We have used a downsampling ratio of 2, so downsampling and filtering with N filters is similar to use 2N filters without downsampling, except for a slight worsening for low input powers due to the noise aliasing provoked by the downsampling. Nevertheless, this could be solved by applying a simple anti-aliasing pre-filtering technique, consisting of forming a decimated version of the signal summing the samples of the original sequence in twos (presumming technique). This is equivalent to use a low-pass secondorder FIR filter whose coefficients are equal to one followed by a downsampling with a ratio of 2.
We have compared the EVM obtained from the conventional auto-calibration method (Conventional AM), with no sub-band division [18] , to that obtained from our proposed channelized auto-calibration method (Channelized AM), with and without downsampling. Figure 8 (a) shows the measured EVM as a function of P in . Take into account that neither a LNA nor an AGC have been included in the receiver. EVM curves show quality degradation for high levels of P in due to the rectified wave, a baseband term superposed to the desired signal that increases quadratically with the signal power and, therefore, produces more degradation for high power levels [11] . The results show significant EVM improvements, up to 0.3 percentage points with respect to conventional AM for N = 8 filters or N = 4 with downsampling. For a Gaussian noise model and a number of received symbols greater than the alphabet length, EVM and signal to noise ratio (SNR) are related by the expression [19] :
From (14), we can obtain the BER (Bit Error Ratio) curves represented in Figure 8(b) . A maximum BER improvement of about one order of magnitude is achieved with N = 8 filters or N = 4 with downsampling. The channelized auto-calibration method is specially suited for broadband communications and strict QoS (Quality of Service) requirements, but it is not useful for reducing the sensitivity. The BER reduction is significant with few filters, but if best results are desired, there will be a trade-off between BER reduction and computational efficiency. The use of the proposed channelized autocalibration method with only four filters introduces an improvement of 8 dB in the dynamic range of a receiver subject to a BER = 10 −6 specification. This is an important advantage of the method, as multiport schemes do not present good dynamic range behaviour [5] .
Obviously, the benefits of the auto-calibration method will be more significant for wideband signals and strong system imbalances, although we can not experimentally prove it because of the test instruments limitations. To demonstrate it, we have simulated the performance of a six-port receiver composed of a six-port network, four power detectors and four low-pass filters. The input signal is the complex envelope of a 64-QAM modulated signal (α = 0.3) with a bit rate of 420 Mbit/s, combined with an additive white Gaussian noise (AWGN). The OSR is 8. The LO power is 0 dBm, and the RF power varies from −70 to −10 dBm. Power detectors present square law behaviour and the low-pass filters have ideal responses. The sixport network topology is that shown in Figure 2 . We have introduced different ripples over the nominally magnitude and phase parameters of each output port: between 2.5 and 3 dB in magnitude, and 1 • and 6 • in phase. These ripples have been modelled as sine type functions with a fast frequency variation, in order to validate the auto-method under critical conditions. The simulated BER curves versus SNR are presented in Figure 9 . Notice that simulated BER curves respond to the real curves tendency observed in Figure 8 . On one hand, no significant BER improvements are achieved for low values of SNR. The effect of the noise aliasing when the downsampling is applied can clearly be appreciated in Figure 9 . On the other hand, it can be seen the increase in BER for high input power levels due to the rectified wave. And finally, the BER improvement is maximized when the dominant source of distortion responds to system imbalances (SNR = 40 dB). 
Multi-mode and Multi-band Behaviour
With the purpose of demonstrating the multi-mode and multi-band characteristics of the SDR six-port receiver, we have measured the EVM for different modulation schemes and frequency bands. We have selected several frequencies corresponding to communication standards, such as GSM (900 MHz, 1800 MHz), PCS (1900 MHz), WiFi (2.45 GHz), or WiMAX (700 MHz, 3500 MHz, 5800 MHz). The modulation schemes are QPSK, 16-QAM, and 64-QAM. The LO power is fixed to P LO = 0 dBm, and the input power is P in = −20 dBm. For frequencies below 3 GHz, we have changed the VSG for the Agilent N5182A MXG, which can provide a symbol rate of 15.625 Msymbol/s for OSR = 8. Therefore, it is possible to achieve a bit rate of 93.75 Mbps for a 64-QAM modulation. In all cases, we have acquired a total of 1000 symbols, which have been processed as bursts of length 200 symbols. The first 50 symbols of each burst are used for calibrating. We have applied the channelized auto-calibration method with N = 4 filters and previous downsampling (downsampling ratio of 2). The measured values of EVM are presented in Table 1 .
These results show a good performance of the six-port receiver for high data rates over a four-octave frequency range. As it was previously stated in Section 3, the operating frequency range of the six-port network could be enlarged due to its good frequency response. The results shown in Table 1 demonstrate that the six-port operating range can be extended from 300 MHz to 6 GHz (4.32 octaves) with good performance, although it was designed to cover the frequencies from 698 MHz to 5850 MHz. From theoretical analysis based on the measured six-port response, it is derived that the six-port operation could be extended also beyond 6 GHz. However, it has not been experimentally demonstrated due to test equipment limitations.
Influence of the LO Power
An important advantage of the six-port architecture is its operation with low LO power levels. This means low power consumption, better RF-LO isolation, and reduction of the LO self-mixing, which is one of the main problems of zero-IF architectures. On the contrary, mixers used in conventional zero-IF receivers require high LO powers.
In order to demonstrate this characteristic, we have measured the EVM for different values of P LO , keeping the input power level at P in = −20 dBm. We use a 1.8 GHz 25 Mbps QPSK modulated signal (α = 0.3). A total of 1000 symbols (8000 samples, OSR = 8) are acquired with the oscilloscope. The first 50 symbols of each data burst (length 200 symbols) are used to auto-calibrate the system and regenerate the IQ components of the next 150 data symbols. We apply the channelized auto-calibration method with N = 4 filters and previous downsampling (downsampling ratio of 2). Figure 10 shows the constellation diagrams of the demodulated signal. The obtained values of EVM are: 4.4% for P LO = 10 dBm; 4.8% for P LO = 0 dBm; 5.1% for P LO = −10 dBm; and 6.3% for P LO = −20 dBm. These results prove that six-port receivers can operate for low LO power values.
Nevertheless, a suitable selection of the LO power level is required. A study of the optimal LO power for maximizing the SNR at the baseband outputs is presented in [20] . When the phase noise contribution is not considered, thermal and shot noises are the dominant sources of distortion, and a maximum SNR of 33 dB is achieved for LO powers in the range of 3-7 dBm. Considering the phase noise contribution, the maximum value of SNR, corresponding to a LO power range from −7 to −2 dBm, decreases 14 dB. However, the maximum diode conversion efficiency is achieved for high LO power levels, around 13 dBm. These figures are obtained from the simulation results of [20] , although similar values would be obtained in our case. The spurious signal rejection as a function of the LO power must also be considered. 
Comparison of Multi-port Demodulators
To conclude, the comparison with other multi-port demodulators operating in the frequency range of interest is presented in Table 2 .
As the quality of the demodulated signal is evaluated in terms of EVM or BER, we provide the theoretical BER versus EVM curves for QPSK, 16-QAM and 64-QAM modulation schemes in Figure 11 [19] . The six-port receiver is said to be a good solution for the multiband demodulation of high-speed signals, but no many experimental demodulation results proving both assumptions have been published up to now. Some published works are not strictly multi-band [18, 24] ; other are multi-band but only validate the demodulator for a single frequency [23, 26] ; and other prove the multi-band behaviour but do not quantify the quality of the demodulated signal [22] . In [21, 25] the demodulation performance is quantified over the entire operating frequency range, but with data rates much lower than in our experiments. Recently, a six-port demodulator supporting a 1.67 Gbps data rate has been published [27] . However, this is not a broadband design, as it only covers the range from 7 to 8 GHz. In addition, the measured EVM is quite high, even though the high LO power level (15 dBm). Our six-port receiver has been validated over a four octave bandwidth (0.3-6 GHz), and for up to 93.75 Mbps data rates with low values of EVM. It outperforms the other designs in terms of bandwidth and quality of the demodulated signal.
CONCLUSION
In this paper we have introduced a SDR 0.3-6 GHz six-port receiver for broadband and high data rates applications. The six-port receiver has been measured with good performance over the frequencies of the main communication standards up to 6 GHz. The prototype has been validated for data rates of 93.75 Mbps (limited by the test instruments), although it has been designed to operate with 100 MHz instantaneous bandwidth, so a bit rate of 600 Mbps for a 64-QAM modulation is foreseen. Our work demonstrates empirically and quantitatively the multi-band behaviour of the six-port architecture, and the capability of performing high data rates.
A new auto-calibration method based on a computational efficient sub-band division for broadband applications has been described. The method is specially suited for broadband communications and strict QoS requirements. The proposed FIR filters are easy to implement and have few coefficients, so operations can be real-time performed by the hardware. In addition, operations can be reduced to sums and subtractions using four filters, speeding up the signal processing. Measurement results show a significant BER improvement, above one order of magnitude with respect to conventional auto-calibration method.
Currently, our efforts are focused on the development of an LTCC version of the six-port receiver, with the purpose of miniaturizing the design.
